Abstract-A method for estimating the velocity spectrum for a fully transverse flow at a beam-to-flow angle of 90 • is described. The approach is based on the Transverse Oscillation (TO) method, where an oscillation across the ultrasound beam is made during receive processing. A fourth-order estimator based on the correlation of the received signal is derived. A Fourier transform of the correlation signal yields the velocity spectrum. Performing the estimation for short data segments gives the velocity spectrum as a function of time as for ordinary spectrograms, and it also works for a beam-to-flow angle of 90 • . The approach is validated using Field II simulations. A 3 MHz convex array with lambda pitch is modeled. The transmit focus is at 200 mm and 2 times 32 elements are used in receive. A dual-peak Hamming apodization with a spacing of 96 elements between the peaks is used during receive beamforming for creating the lateral oscillation. Pulsatile flow in a femoral artery placed 40 mm from the transducer is simulated for one cardiac cycle using the Womersly-Evan's flow model. The bias of the mean estimated frequency is 13.6% compared to the true velocity and the mean relative std is 14.3%. This indicates that the new estimation scheme can reliably find the spectrum at 90 • , where a traditional estimator yields zero velocity. Measurements have been conducted with the SARUS experimental scanner and a BK 8820e convex array transducer (BK Medical, Herlev, Denmark). A CompuFlow 1000 (Shelley Automation, Inc, Toronto, Canada) generated the artificial femoral artery flow in the phantom. It is demonstrated that the transverse spectrum can be found from the measured data. The estimated spectra degrade when the angle is different from 90 • , but are usable down to 60-70 • . Below this angle the traditional spectrum is best and should be used. The conventional approach can automatically be corrected for angles from 0-70 • to give a fully quantitative velocity spectrum without operator intervention.
I. INTRODUCTION
Traditional ultrasound scanners can display the velocity distribution at one given depth in a vessel as a function of time in a spectrogram display. The spectrogram is calculated by measuring the sampled signal at the chosen depth and then employing a short time Fourier transform on the received data [1] , [2] , [3] . The spectra are then stacked side-by-side to show the time evolution of the velocity distribution as shown in Fig.  1 .
The relation between the blood velocity and the frequency measured f p is given by:
where f 0 is the emitted ultrasound frequency, c is the speed of sound and v z is the blood velocity in the axial direction. Θ is the angle between the blood velocity vector and the ultrasound beam, and only the projected velocity component is measured by these systems. The measurements need to be corrected for the beam-to-flow angle, and at 90 • no velocity is found. This is a major problem, since the vessels often are perpendicular to the ultrasound beam direction, and angles above 70 • can lead to large estimation errors for small angle deviations. It is therefore advisable to keep the angle below 60 • for accurate results. The problem can be solved by introducing an oscillation transverse to the ultrasound beam, so that the measured signal is sensitive to a transverse motion. This will yield signals with an oscillation frequency proportional to the transverse velocity. This paper describes a new method for making spectral velocity estimation in the direction transverse to the ultrasound propagation direction. Two estimators are derived: a second order and a fourth-order, Both are based on the Transverse Oscillation (TO) approach previously used for vector flow estimation. Both estimators are evaluated using Field II simulations in Section III for pulsatile flow in the femoral artery. The approach has also been implemented on the SARUS experimental scanner, and results from a pulsatile flow experiment are shown in Section IV.
II. SPECTRAL VELOCITY ESTIMATOR
The power density spectrum of the received signal is found using the TO approach [4] , [5] , where a transverse oscillation is introduced during the receive beamforming. Two image lines are focused in parallel, where the left one contains the in-phase and the right the quadrature component. This complex signal can, at one fixed depth, be described by [6] :
where i is the emission number, T pr f is the pulse repetition period and f p is the received axial frequency given by (1) . f x is the transverse oscillation frequency and is equal to to v x /λ x , where λ x is the transverse oscillation period and v x the transverse velocity. The temporal Hilbert transform of (2) is
Combining (2) and (3) and using Euler's equations gives
Two new signals are then formed from:
The power density spectrum of a stochastic signal is found from:
where R 11 (k) is the autocorrelation of the received signal. For the transverse velocity component this can be derived from the cross-correlation function R 12 (k) between the spatial in-phase and quadrature signal given as:
The frequency f p is zero in the case there is no axial velocity component (v z = 0) and the cross-correlation directly equals the autocorrelation of the transverse signal. Making a short Fourier transform of this, thus, directly reveals the transverse velocity spectrum. This is called the second order estimator. The compensation for the axial velocity can also be made using a fourth-order estimator similar to the one derived in [6] . The fourth order correlation function is calculated as:
which eliminates the axial component. An elimination of the lateral component can be done using:
The spectrum is then found from:
This approach is called the fourth-order method.
III. SIMULATION OF TO DATA AND RESULTS
Blood flow in the femoral artery has been simulated using Field II [7] , [8] and the Womersley-Evans' pulsatile flow model [9] , [2] . The model gives realistic simulated velocity profiles for a normal human geometry [10] . A 3 MHz convex array transducer with 128 active elements has been used. The center 64 elements are used in transmit, and the outer 64 elements are used during receive. The TO field has been optimized for imaging at 40 mm by adjusting the time delays and apodization function [11] .
The resulting spectra for the second order method is shown in Fig. 2 for a beam-to-flow angle of 90 • (top) and 60 • (bottom). The solid green curve shows the peak velocity at the center of the vessel. The spectrum can be estimated at 90 • with some bias, but both positive and negative velocities are shown. At 60 • the modulation from the term exp(− j2πkT pr f f p ) in (7) sets in and severely distorts the spectrum, thus, making is useless for quantitative studies.
The resulting power density spectrograms for different angles for the fourth-order methods are shown in Fig. 3 . It is seen that the spectrogram can reliably be estimated for fully transverse flow. The estimates get progressively worse when the beam-to-flow angle deviates from 90 • as shown in Fig. 4 for 60 • . The transverse velocity spectra is considerably widened and gets less accurate. This is not a major problem as the axial velocity spectrum now is a reliable measure of velocity distribution. For angles lower than 60 • the normal spectrogram can be used and gives a good estimate. The angle can easily be estimated from the TO data measured for the spectral estimation and be used for selecting the spectrum to display. It can also automatically adjust the velocity axis for the axial velocity spectrum.
The mean velocity for the fourth-order spectrum has been calculated and is shown as the blue curve in Fig. 5 as a function of time. The corresponding true mean velocity is shown also. The bias relative to peak velocity in the vessel is 13.6% (0.18 m/s) and the relative std. is 0.19 m/s (14.2%). 
IV. FLOW RIG MEASUREMENTS
Measurements have been made using the SARUS experimental ultrasound scanner [12] connected to a BK 8820e (BK Medical, Herlev, Denmark) convex array probe. A duplex sequence was employed with B-mode and TO emissions interleaved with a pulse repetition frequency of 5 kHz. The flow lines were emitted with the center of the aperture and focused straight down. The probe was operated at 3 MHz and 64 elements was during transmit that was focused at 105 mm (F# of 5). The received signal of all 192 transducer elements was sampled at 17.5 MHz with 12 bits precision. The two TO beams were focused using the center 96 elements and two von Hann apodization peaks each with a width of 32 elements and their peaks separated by 64 elements. The lateral wavelength λ x was set to 0.88 mm for the focusing.
The flow was generated by a CompuFlow 1000 (Shelley Automation, Inc, Toronto, Canada) connected to a dedicated carotid bifurcation phantom (Danish Phantom Design, Frederikssund, Denmark). filled with Shelley Blood Mimicking Fluid for ultrasound (BMF-3L-US, Shelley Automation, Inc, Toronto, Canada). The 8 mm diameter straight tube entrance to the bifurcation was used as the measurement site. The pump was set to use the femoral waveform to mimic the waveform found in the femoral artery with both positive and negative velocities. The peak volume flow was set to 10 mL/s, and the beam to flow angle was estimated to be 91.0 • ± 3.3 • from the velocity data.
Data were acquired continuously for 3 seconds yielding 3.8 Gbytes of fully sampled RF data. It was beamformed and the fourth-order estimator was used on the focused TO data. The resulting fourth-order spectrum found at the center of the vessel is shown in Fig. 6 for three seconds. Four peaks in the systolic phases can be seen in the data with a positive velocity followed by negative velocities in the diastole as expected. The peak velocity is fairly low due to limitations in the setup.
The velocity has also been estimated using the traditional TO velocity estimators [6] , and this is shown as a function of both time and depth in Fig. 7 for the lateral velocity component v x . Here the peak velocities agrees with that found by the fourth-order spectral estimator.
V. DISCUSSION AND CONCLUSION
A new approach for spectral velocity estimation for a transverse flow has been presented. The estimator can reliably find the spectrum at 90 • , where a traditional estimator yields a zero velocity. The spectral estimates degrade when the angle is different from 90 • but are usable down to 60-70 • . Below this angle the traditional spectrum estimate is best and should be used. The selection between the two spectra can be based on the estimated angle at the range gate, which can be obtained using the normal TO estimator without additional beamforming.
It should be noted that the velocity range is significantly higher for the new fourth-order method compared to traditional estimation, as the lateral wavelength is larger than the axial wavelength. That is beneficial for either keeping the pulse repetition frequency low or for maintaining a high maximum detectable velocity.
